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Abstract
Lake Vähä-Pitkusta is a small, sheltered, relative deep and undisturbed lake in SW Fin-
land. It was cored to investigate airborne deposition of heavy metals, which is not 
known in detail in this area. We analysed lake sediments to detect trends in the histor-
ical load of lead, cadmium, zinc, copper, nickel and vanadium and compared the depo-
sition pattern described earlier from other parts of Europe. Sediments were dated us-
ing AMS radiocarbon and 137Cs-dating techniques. The results indicate that lead emis-
sions during Roman and Medieval times reached Finland; this was detected for the fi  rst 
time. Medieval deposition of lead was associated with that of cadmium and zinc, sug-
gesting their origin as long distance airborne load. Copper, nickel and vanadium depo-
sition patterns are recent, because their strong increase of accumulation was detected 
only in the sediments representing the last 50 years. Most probably they originate from 
local pollutant sources. Overall, the results emphasize the potential value of small, shel-
tered headwater lakes as archives of atmospheric environmental impacts.
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1. Introduction
Heavy trace metals such as zinc, copper, cadmi-
um, lead and mercury enter lakes from a vari-
ety of sources through multiple pathways. The 
transport may be by catchment leaching and 
drainage,  from  anthropogenic  point  sources 
or as atmospheric emissions. Atmospheric pol-
lution caused by mercury and lead have been 
studied  extensively  since  it  was  realized  that 
these toxic elements accumulate in the environ-
ment by anthropogenic atmospheric emissions 
(e.g. Sokoloff & Carter, 1952; Salmi, 1969; Ver-
ta et al., 1989; Norton et al., 1992).
Atmospheric  pollution  caused  by  Europe-
an industrialization after ca. 1840 led to an en-
richment of Pb, Zn and Cu in Scottish lake sedi-
ments (Williams, 1991), but in fact the history 
of anthropogenic airborne metal deposition in 
Europe is much longer than has been observed 
in  studies  of  lead  deposition.  Historical  lead 
emissions have been studied from ice cores, peat 
deposits and lake sediments (Lee & Tallis, 1973; 
Wolff & Peel, 1985; Hong et al., 1994; Lobín-
ski et al., 1994a and 1994b; Renberg et al., 1994 
and 2000; Jaffe et al., 1995; Birch et al., 1996; 
Farmer et al., 1996; Shotyk et al., 1996; 1998; 
2001 and 2002; Brännvall et al., 1997; 1999 and 
2001; von Gunten et al., 1997; Heisterkamp et 
al., 1999; Weiss et al., 1999a and 1999b; Bind-
ler et al., 2001; Ek & Renberg, 2001; Ek et al., 
2001; Hilfi  nger et al., 2001). These studies have 
not only provided the history of Holocenic lead 
deposition, but the sedimentary record also re-
veals the length of the anthropogenic pollution 
history, which was thought to start at the be-
ginning of the Industrial Revolution, but now 
thought to extend further back (e.g. Murozumi 
et al., 1969; Hong et al., 1994; Renberg et al., 
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Lead  concentrations  in  sediments  display 
fairly  uniform  atmospheric  deposition  his-
tory throughout Europe (e.g. Renberg et al., 
1994 and 2000; Farmer et al., 1996; Shotyk 
et al., 1998; 2001 and 2002; Brännvall et al., 
1999 and 2001; Weiss et al., 1999a and 1999b; 
Heisterkamp et al., 1999; Ek & Renberg, 2001; 
Ek et al., 2001). Lead deposited until 3000 yr 
BP is of natural origin and the concentrations 
are low, being normally within a range of 2 to 
4 mg/kg dry matter. After this, early metallur-
gical activies caused a rise in the concentrations, 
which culminated during the prosperity of the 
lead mines of the Roman Empire around AD 0 
(Nef, 1987). This episode of the fi  rst large-scale 
lead emissions ended by the decline of the Ro-
man Empire and only the rise of Medieval in-
dustry  around  AD  1000  caused  marked  air-
borne lead deposition. The concentrations in 
European records showed a continued increase 
due to the Industrial Revolution, starting from 
AD 1800, as a consequence of increased indus-
try and the burning of fossil fuels, and the rate 
was accelerated at the dawn of the 20th centu-
ry. After World War II, lead emissions increased 
rapidly due to the use of leaded gasoline, and 
the trend culminated in the 1970s. After the 
gradual phasing out of leaded fuel (e.g. Hagner, 
2000), lead concentrations started to decline 
(e.g. Moor et al., 1996).
Atmospheric lead pollution and deposition 
history has been thoroughly studied in Europe, 
especially in Scandinavia (Brännvall et al., 1997; 
1999 and 2001; Renberg et al., 1994 and 2000; 
Ek & Renberg, 2001; Ek et al., 2001). Howev-
er, in Finland the early phases of lead pollution 
have not been detected. The earliest published 
indications of increase in lead deposition are 
only from the early or mid-1800s (Tolonen & 
Jaakkola, 1983; Verta et al., 1989) or from the 
beginning of the 1900s (Virkanen et al., 1997).
On the basis of studies thus far, there is no ev-
idence whether not or lead emissions from Ro-
man or Medieval times reached Finland. To un-
ravel this question, we cored a lake from South-
ern Finland. This lake has an exceptionally small 
catchment area in relation to lake size, low pro-
ductivity and a stable accumulation basin, which 
helps to maintain the atmospheric load record. 
According to pollen and diatom evidence, signs 
of anthropogenic activities are sparse in the sed-
iment (Hakala et al., 2004). Only the last dec-
ades have witnessed the infl  uence of man, espe-
cially by the cottage building boom that start-
ed in the 1960s (E. Kanervo, pers. comm.). We 
also examined the depositional history of some 
other important heavy metals to compare their 
depositional patterns with that of lead.
2. Study site, materials and methods
Vähä-Pitkusta (93.3 m.a.s.l.) is a meromictic 
lake situated on the proximal side of the Sal-
pausselkä III end moraine in the area of Some-
ro, SW Finland (Fig. 1). The lake is relative-
ly deep (max. 35 m.) and small in size (ca. 11 
ha). Its basin is built of roundish kettle depres-
sions and it has steep shores. The catchment is 
about 20 ha in size and it is composed of grav-
el and sand. Ridges of a glaciofl  uvial esker rising 
25 m above the lake with coniferous forests give 
shelter from the winds. The isolation of the lake 
from the Yoldia Sea phase of the Baltic Sea can 
be estimated to be somewhat younger than the 
age of 11 500 cal. B.P. of the surrounding gla-
ciofl  uvial formation (Glückert, 1978; Saarnisto 
& Saarinen, 2001).
The recharge of Vähä-Pitkusta is controlled 
by groundwater and precipitation. There are no 
inlets or outlets, only a small channel connect-
ing the two Pitkusta lakes, and the retention 
time is 3.5–7 years (Hans Vogt, pers. comm.). 
The groundwater table slopes to the north, feed-
ing Vähä-Pitkusta through its southern shores, 
but the outfl  ow has decelerated due to the low 
permeability of the northern shores of Vähä-
Pitkusta. The lake water is clear, and oligo- to 
mesotrophic. There are about 30 summer cot-
tages on the slopes of both of the Pitkusta lakes 
and there is one farm nearby.
For the trace metal analyses two sediment 
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lake; a shorter (ca. 45 cm) with a Limnos-type 
gravity corer and a longer (ca. 175 cm) with a 
modifi  ed  Kullenbeg  corer.  Some  compaction 
and possible distorting of the sediment-water 
interface are probable, as always in in situ sedi-
ment sampling (e.g. Baxter et al.,1991).
To analyse the history of metal deposition, the 
concentrations of Pb, Cd, Zn, Cu, Ni and V and 
LOI were determined from the core VP-1, and 
to double check the lead level, Pb was also de-
termined from the core VP-2. The cores were 
subsampled into 1 cm and 2 cm sections, from 
which the elements were extracted with the mi-
crowave assisted solid-liquid extraction method 
using HNO3, and analyzed by ICP-AES (Bhat-
ti et al., 1998). The shorter core was analysed in 
the Geochemical Laboratory of the University of 
Helsinki and the longer core in the Geolaborato-
ry of the Geological Survey of Finland in Kuopio. 
The determination of loss-on-ignition was per-
formed at the Department of Geology, Universi-
ty of Helsinki. The datings were carried out in the 
Dating Laboratory of the University of Helsin-
ki. Macrofossils (mainly coniferous bark and nee-
dles) from the longer core were radiocarbon dat-
ed using the AMS technique.
Age control for the topmost 10 cm was ob-
tained by measuring 137 Cs-activity of the sedi-
ment  using  a  beta  multicounter  (Jungner, 
1998). 137Cs is an artifi  cial radionuclide. Its re-
lease to the atmosphere is associated with the 
atmos  pheric testing of nuclear weapons, starting 
in 1952 and peaking in 1963 (Appleby, 2001). 
Another marker horizon for fall-out 137 Cs is re-
lated to the 1986 Chernobyl accident, which 
has been traced from many lakes in southern 
Finland (e.g. Kansanen et al., 1991).
3. Results
Figure 2 shows the radiocarbon ages (Table 1), 
lithostratigraphy, and loss-on-ignition (LOI). 
The core VP-2 is similar to the top of core 
VP-1.
Fig.  1:  Location,  bathymetry 
(Koli,  1993;  unpublished  ma-
terial by Hans Vogt and Timo 
Klemelä)  and  the  catchment 
area  of  lake  Vähä-Pitkusta. 
The groundwater fl  ow direc-
tion is also indicated (Achrén 
et al., 1998).22 Hakala, A. and Salonen, V.-P.
The  basal  part  of  the  longer  core  (VP-1) 
is  composed  of  clays  and  silts  from  the Yol-
dia-phase of the Baltic Sea followed by a silty 
gyttja layer at ca. 150 cm, representing the isola-
tion phase, and a complicated layer of silts and 
sands with sulfi  de bands as far as 133 cm, repre-
senting an unsteady early stage of lake develop-
ment (Hakala et al., 2004). The gyttja sequence 
is 133 cm long. It consists of two units. The low-
er massive fi  ne detritus gyttja is 118 cm thick. It 
has a sharp contact with the above unit; a black 
sulfi  de gyttja at the topmost ca. 15 cm (Fig. 2). 
The shorter core (VP-2) is lithologically similar 
to the topmost 45 cm portion of the longer core 
(VP-1).
Figure 3 displays the measured 137Cs-activi-
ty of the sediment core VP-1. Activity peaks at 
4-5 cm depth from the sediment surface, where 
it reaches the maximum activity, 6.79 cpm. The 
natural backround activity level is at 1.5 to 2 
cpm (Jungner, 1998).
Figure 4 gives the concentrations of Pb, Cd, 
Zn, Cu, Ni and V as a function of depth. Pb 
concentrations in cores VP-1 and VP-2 reach 
the limit of determination (5 mg/kg) at depths 
39.5 cm and 54 cm, respectively, in addition to 
the topmost parts of the sediment. Lead concen-
trations for the VP-2 core vary more than for the 
VP-1 core, but in general both cores represent 
similar decreases in concentration with depth.
The lead concentrations around the Roman 
Empire period are as follows: 17. 3 mg/kg at 
39.5 cm; 35 mg/kg at 40.5 cm, and 13 mg/kg 
at 54 cm. Cd concentrations are below the lim-
it of determination (0.5 mg/kg) for more than 
40 cm in the middle part of the core (VP-1) dis-
playing detectable concentrations in the bottom 
and top. Zn, Cu and Ni show continuous con-
centrations throughout the core (Cu concentra-
tion at 3.5 cm was discarded as an error). The V 
concentration graph is discontinuous, concen-
trations at 15.5 cm and 29.5 cm do not reach 
the limit of determination (1 mg/kg).
Table 1. AMS radiocarbon dates from Lake Vähä-Pitkusta, SW Finland. Calibrated ages (1 σ): maximum cal. age 
(cal. age) minimum cal. age.
Lab. No. Depth (cm) Age BP Calibrated Age BP
Hela-635 15–16 565 ± 40 625 (550) 535
Hela-636 39–40 1675 ± 55 1690 (1560) 1525
Hela-637 59–60 2910 ± 65 3205 (3035) 2950
Hela-638 79–80 3885 ± 50 4415 (4330) 4240
Hela-639 99–100 5230 ± 55 6165 (5970) 5925
Hela-640 11 –120 7385 ± 60 8290 (8180) 8060
Fig. 2. Physical properties of the Vähä-Pitkusta core VP-
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4. Discussion
4.1. Dating the sediment
The time-depth curve for the VP-1 core has 
been constructed using 137Cs- measurements for 
the topmost part of the sediment, and 14C de-
terminations for its lower part (Fig. 5). The Cs-
curve indicates a single peak at 4-5 cm depth, 
which  can  indicate  either  fall-out  associated 
with nuclear test maxima from 1958 to 1963 
(Appleby, 2001) or with the Chernobyl accident 
in 1986 (Arvela et al., 1990).
The Chernobyl-peak has been measured in 
lakes affected by the most severe fall-out; e.g. lake 
Päijänne (Kansanen et al., 1991), Lake Lappajärvi 
(Meriläinen et al., 2000) or lake Pohjajärvi (Jung-
ner, 1998). Lake Vähä-Pitkusta is located in SW-
Finland, where the fall-out was only about 10 % 
of that received in Central Finland (Arvela et al., 
1990). On this basis it is impossible to estimate 
whether the maximum value detected at 4-5 cm 
depth represents Chernobyl or an earlier nuclear 
test peak, which has been detected from e.g. lake 
Lovojärvi and Lake Pääjärvi, not far from Lake 
Vähä-Pitkusta (Jaakkola et al., 1983).
Radiocaesium is known to be mobile in lake 
sediments having a tendency to diffuse towards 
deeper parts of the sediments. However, the mo-
bility of the radiocaesium activity in lake sed-
Fig. 3. 137Cs-activity of sediment of the core VP-1.
iments  seems  to  be  signifi  cantly  lower  than 
experi  ments and models predict, and the peak 
of the activity will not move substantially (e.g. 
Crusius & Anderson, 1995; Smith et al., 1998). 
Therefore, we consider it is safe to propose that 
the layers below activity peak have been accu-
mulated before 1950s, and layers displaying in-
creased activity levels (6.5 – 0 cm) afterwards.
4.2. Post-depositional metal mobility
Meromictic lakes have an incomplete circula-
tion. The water mass is permanently stratifi  ed 
into two layers that do not interact with each 
other. Circulation is possible only within a re-
stricted layer, which prevents overturn from top 
to bottom.
The basal water layer, monimolimnion, usu-
ally  becomes  anaerobic  when  connection  to 
atmos  phere is lost. Meromictic lakes provide 
stable  accumulation  environments:  anaerobic 
monimolimnion  supports  only  bacterial  life 
and thus bioturbation is unsubstantial, and wa-
ter turbulence is minimal due to prevented over-
turns. Post-depositional disturbances of the sedi-
ment interface are therefore negligible.
However,  metals  undergo  diffusive  migra-
tion in response to chemical processes in sed-
iment. The possible migration of trace metals 
like Pb, Cd, Zn and Cu is considered to be of 
minor importance, especially in anaerobic con-
ditions (e.g. Farmer, 1991; Rae & Parker, 1996; 
Callender,  2000;  Boyle,  2001;  Alfaro-De  La 
Torre & Tessier, 2002). Many elements like V 
are  more  sensible  for  remobilization,  though 
(e.g. Boyle, 2001). Also the elevated metal con-
centrations in the uppermost parts of lake sedi-
ment  profi  les  can  merely  refl  ect  depositional 
processes than actual accumulation. Nonethe-
less, the knowledge of processes affecting met-
als in sediments is insuffi  cient and the models 
therefore frailty (Boudreau, 1999).
The time resolution in this study cannot uti-
lize any modeling approach. The profi  les of Pb, 
Cd, Zn, Cu (and Ni) can be rather confi  dently 
used as historical records. The profi  les of V (and 24 Hakala, A. and Salonen, V.-P.
Fig. 5. Time-depth curve for the Vähä-Pitkusta core VP-
1 was made by fi  tting a third order polynomical func-
tion to the data (excluding the uppermost 6.5 cm). The 
curve indicates a stable sedimentation with an average 
deposition rate 0.13 mm/year.
Ni) must be taken with a caution. Elevated top 
concentrations can also be considered somewhat 
exaggerated, and their evidence value therefore to 
be of lesser degree.
4.3. Annual accumulation of heavy metals
Absolute concentrations are widely used in de-
scribing heavy metal load but the data they pro-
vide are not extensive. A more accurate descrip-
tion can be obtained from accumulation rates 
or metal fl  uxes. The accumulation rates for Cd, 
Zn, Cu, Ni and V were calculated on the basis of 
the concentration results of the core VP-1, and
for Pb using both cores VP-1 and VP-2 (Fig. 6).
The accumulation rate has been calculated up 
to a depth of 6.5 cm, where the 14C curve is re-
liable. For the uppermost 6.5 cm portion, 137Cs-
curve  is  used  to  interpret  its  age-depth  rela-
tions.
Generally all accumulation rates for all the 
metals exhibit the same trend, i.e. high con-
centrations during the early Holocene descend 
to the beginning of the Common Era and rise 
again  towards  modern  times.  More  precise-
ly, the accumulation trends form two groups. 
Lead, zinc and cadmium have prominent super-
fi  cial enrichments and moderate (Zn and Cd), 
or none (Pb), basal enrichments. Copper, nick-
el and vanadium present strong basal enrich-
ments comparable to their superfi  cial enrich-
ments. Additionally, Cu has an increased top-
most concentration. Furthermore, Pb, Zn and 
Cd show a signifi  cant rise in accumulation rates 
during the last millennium, but Cu, Ni and V 
only in the uppermost 5.5 cm of the sediment, 
which according to 137Cs-activity represents de-
posits from the last 50 years.
Fig.  4.  Concentration  graphs 
for  the  analyzed  heavy  met-
als Pb, Cd, Zn, Cu, Ni, V. The 
dashed  line  represents  core 
VP-2. b.l.d. = below limit of de-
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4.4. Lake Vähä-Pitkusta sediments compared to 
other records
Heavy  metal  concentrations  in  Lake  Vähä-
Pitkusta  are  in  accordance  with  results  from 
small forest lakes in S Finland (Tolonen & Jaak-
kola, 1983). Pb backgrounds are typically ≤ 10 
mg/kg and surface maximums ≥ 150 mg/kg ris-
ing to 300 mg/kg. Zn backgrounds are around 
50 mg/kg and surface concentrations ≥ 200 mg/
kg rising to 370 mg/kg. Cd background levels 
are around 0.2 mg/kg and surface enrichments 
1.4–3.7 mg/kg. Also Cu backgrounds are below 
10 mg/kg and surface concentrations19–48 mg/
kg. Ni concentrations are slightly higher, back-
grounds being 6.7–8.8 mg/kg and surface con-
centrations 16–32 mg/kg, than in Lake Vähä-
Pitkusta, where minimum is 2 mg/kg and sur-
face maximum 12 mg/kg.
Results from pristine headwater lakes in S 
Finland are similar (Verta et al., 1990): Pb sur-
face sediment (S) 69-204 mg/kg, deep sediment 
(D) 2.5–43 mg/kg; Zn (S) 60–220 mg/kg, (D) 
12.5–170 mg/kg; Cd (S) 1.0–3.4 mg/kg, (D) 
0.2–0.55 mg/kg; Cu (S) 7.5–25 mg/kg, (D) 
2.7–16 mg/kg; Ni (S) 6.9–19 mg/kg, (D) 4.1–
14.5 mg/kg. In northern Finland, Pb and Cd 
surface concentrations are clearly lower, as the 
other element concentrations are either on the 
same level or even higher than in southern Fin-
land (Verta et al., 1990).
Heavy metal surface concentrations in lakes 
near Falun copper mines, central Sweden, are 
multifold to backgrounds values, which are in ac-
cordance with results from Finland (Ek & Ren-
berg, 2001; Ek et al., 2001; Salonen & Tuovi-
nen, 2001). Non-mining sites show similar en-
richment trends to Lake Vähä-Pitkusta and other 
Finnish lakes, especially those of Pb (Håkanson, 
1980; Renberg et al., 1994 and 2000; Brännvall 
et al., 1999 and 2001). In a study of 31 lakes, the 
Roman Empire lead concentrations increased in 
southern Sweden to about 20 mg/kg (range 8–41 
mg/kg), and in northern Sweden to about 11 mg/
kg (range 2–27 mg/kg). The surface sediments 
show  concentrations  typically  about  100–350 
mg/kg in southern Sweden, and about 30–300 
mg/kg in N Sweden (e.g. Renberg et al., 2000; 
Bränvall et al., 2001).
Heavy metal load is generally higher in cen-
tral parts of Europe and the United States, but 
to some extent Pb load shows a more consist-
ent trend worldwide (e.g. Harmsworth, 1984; 
Williams, 1991; Norton et al., 1992; Birch et 
al., 1996; Farmer et al., 1996; von Gunten et 
al., 1997).
Accumulation  rates  from  the  1980s  in 
small headwater lakes all over Finland demon-
strate that Lake Vähä-Pitkusta is at the higher 
end of the range (Verta et al., 1989 and 1990). 
For lakes in southern Finland, the range ends 
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ta in the 1980s: Pb 6.2–25 mg m-2 a-1, Zn 4.1–
41 mg m-2 a-1, Cd 0.098–0.47 mg m-2 a-1, and 
Cu 1.3–4.2 mg m-2 a-1 (Verta et al., 1989), Ni 
about 0.5–3 mg m-2 a-1 and V about 1.2–3.6 mg 
m-2 a-1 (Verta et al., 1990). Results from oth-
er lakes in southern Finland indicate accumula-
tion rates within the aforementioned range, but 
in the upper end, suggesting heavy metal depo-
sition in Lake Vähä-Pitkusta is rather typical for 
S Finland ( e.g. Tolonen & Jaakkola, 1983; Vir-
kanen et al., 1997).
On one hand, the pattern is rather univer-
sal  when  remote  areas  and  headwater  lakes 
are  concerned;  accumulation  rates  in  low-
alkalinity lakes in the United States largely fi  t 
into the range determined for Finnish lakes. 
However, there are some outliers beyond the 
upper end of the range (Norton et al., 1992). 
On the other hand, areas of high human activ-
ity and population, like central parts of Europe 
and USA, suffer from much greater loading, as 
discussed earlier.
4.5. Record of heavy metal deposition 
in Lake Vähä-Pitkusta
Accumulation rates of Pb, Cd, and Zn have the 
same pattern of change, as well as those of Cu 
and Ni. This is in accordance with the data in-
dicating that the main source of Pb, Cd and Zn 
is long-distance transport, while Cu and Ni are 
mainly from regional emissions (Verta et al., 
1989).
Permanent settlement in the area origin  ated 
in the late 15th century, but only in the late 18th
century  the  population  started  to  grow. The 
lakes and the surrounding moor were a few kilo-
meters to the south of a village (Oja, 1949; von 
Hertzen, 1987). The historical evidence togeth-
er with biostratigraphical results, which indicate 
weak anthropogenic activity in the area (Haka-
la et al., 2004), suggest negligible local emis-
sions before the last century, especially before 
the last 50 years during which there was a rap-
id emergence of summer residences and human 
activity.
The early Holocene enrichments are results 
of the unstable conditions during the meltdown 
of the dead ice block and the isolation of the lake 
(Hakala et al., 2004). At fi  rst, minerogenic input 
was extensive (Fig. 2), and erosion and leaching 
took place. After this, lake develop  ment con-
tinued relatively steadily (Hakala et al., 2004), 
which is also visible in the accumulation rates. 
About 2500-3000 cal. BP, a possible lake level 
rise and/or increased surface runoff took place, 
which probably resulted from a change to a cool-
er and moister climate (Hakala et al., 2004).
Rapid increases in Pb and Cd accumulations 
and a slower rise in Zn, began a millennium ago, 
Fig 6. Accumulation rates for 
selected  metals:  Pb,  Cd,  Zn, 
Cu, Ni, V. The dashed line rep-
resents  core VP-2. The  time 
scale has been constructed in 
two parts: the uppermost three 
samples represent sedimenta-
tion during the last 50 years. 
For the lower sediments, cali-
brated radiocarbon years have 
been used. b.l.d. = below limit 
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simultaneously with the medieval expansion of 
metallurgical activities in Central Europe and 
Great Britain (Nef, 1987) and during a time 
of tranquillity in the lake surroundings. A new 
economic boom started in the 15th century caus-
ing another increase in the accumulations rates, 
which culminated in the 16th century, followed 
by a decline. These changes demonstrate the 
signifi  cance of long-distance transport in Lake 
Vähä-Pitkusta. Accumulation in the last centu-
ry is a mix of long- and short-distance anthro-
pogenic emissions.
Cu and V accumulation rates did not rise 
until the Second World War. Ni deposition 
started to increase slightly as early as in the 
early 20th century, but the acceleration took 
place simultaneously with copper and vana-
dium. In Finland, the tremendous change in 
pollution of regional origin is largely due to 
the war reparations paid to the Soviet Union. 
These were paid mostly in ships and machin-
ery, i.e. products of the metal industry. Since 
the Finnish pre-war industry was underdevel-
oped, the war reparations motivated large-scale 
innovations and investments into industry (e.g.
Holmström, 1986; Vehviläinen, 1992). There-
fore, the most distinct feature is the prominent 
metal enrichment of upper sediment over the 
last 50 years in accumulation rates, emphasiz-
ing the magnitude of industrial evolution and 
the modern anthropogenic impact on the en-
vironment.
4.6. Lead deposition history 
in Lake Vähä-Pitkusta
Through the Holocenic history of Lake Vähä-
Pitkusta, lead concentrations were below the 
limit of determination of the analyzer until ca. 
2500 cal. BP. This was shortly after the intro-
duction of coinage when word lead production 
had risen from ca. 160 annual tons to almost 10 
000 tons per year (Settle & Patterson, 1980). 
In Swedish lake sediments,  206Pb/207Pb isotope 
ratios  changed  concurrently  (Brännval  et  al., 
1999 and 2001; Renberg et al., 2000), indicat-
ing that the excess lead originated from atmos-
pheric lead pollution.
The fi  rst peak, shortly after AD 0, is visible 
widely in various media; e.g. lake sediments in 
Sweden (Renberg et al., 1994 and 2000), peat in 
Switzerland (Shotyk et al., 1996 and 2002), and 
glacier ice in Greenland (Hong et al., 1994; Ros-
man et al., 1997). During the short but intense 
high point of the Roman Empire, the world lead 
production reached 80 000 tons per year (Settle
& Patterson, 1980). In the second and third 
centuries, there were metallurgical activities in 
almost all countries conquered by the Romans. 
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level of know-how low. Furthermore, the value 
of mining was controversial. All this led to aban-
donment of mines when readily accessible ores 
were largely exhausted (Nef, 1987).With the fall 
of the Roman Empire, lead production and con-
sequently atmospheric lead declined to the pre-
ceding level, and therefore the accumulation re-
corded in the sediment declined.
With  the  increased  medieval  population, 
farming, trade and industry, i.e. the whole econ-
omy, mining and metallurgical activities started 
to expand in the 10th and 11th centuries. There 
were several mines in the Alps, and prospecting 
for ore spread throughout Europe (Nef, 1987). 
As mining and metallurgical activities were asso-
ciated with general prosperity, the consequence 
of the Black Death, which wiped out 25–45 % 
of the European population and paralyzed the 
remaining population in the 14th century, was a 
sharp decline in mining and atmospheric emis-
sions (Gottfried, 1983; Nef, 1987). The Black 
Death took place at the time of optimum de-
mand  for  bullion  and  metals  for  guns. This 
stimulated the rehabilitation, new inventions 
and techniques, and soon after the Black Death, 
mining and metallurgical activities experienced 
general expansion (Gottfried, 1983).
During the transition from the Middle Ages 
to modern time, extraordinarily rich ores were 
found in South and Central America. Mining 
of American metals and their delivery to Europe 
were cheaper than local production, which led 
the European mining industry into economic 
depression. In the 17th century, the slump was 
deep (Nef, 1987), and its refl  ection is clearly vis-
ible in the lead accumulation rate in Lake Vähä-
Pitkusta.
Not until the dawn of the Industrial Revo-
lution did the world lead production reach the 
level of the Romans (Settle & Patterson, 1980). 
Since the 19th century lead accumulation rates 
have been rising, but the major peak was not ex-
perienced until after the Second World War. Re-
cent accumulation rates are descending, mostly 
due to banning leaded fuel. The change in con-
centration rates is more drastic, e.g. in Swedish 
lake sediments lead concentrations will soon be 
at the level of those in the 13th century (Renberg 
et al., 2000).
5. Conclusions
The profi  les of Pb, Cd, Zn, Cu (and Ni) can 
be rather confi  dently used as historical records. 
They show that lead emissions during Roman 
and Medieval times reached Finland. Medie-
val airborne lead was associated with cadmi-
um and zinc, suggesting their origin as long dis-
tance airborne load. Copper, nickel and vanadi-
um deposition patterns are recent, because their 
strong increase of accumulation was detected 
only in the sediments representing the last 50 
years. Most probably they, as well as Pb, Cd, and 
Zn, originate from strongly developing industry 
and traffi  c in Finland after the Word War II.
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